Low density lipoprotein (LDL) isolated from human plasma anticoagulated with EDTA (EDTA/LDL) was 4-fold more resistant to oxidation by reagent H202, as assayed by the thiobarbituric acid (TBA) assay, than LDL prepared from plasma anticoagulated with citrate (CDP/LDL). The
release from human monocytes or macrophages. These results separate oxidation of LDL as measured by TBA assay from the modification of LDL by rabbit aortic endothelial cell line that leads to its subsequent enhanced degradation by macrophages.
Many studies have suggested that cells of the vessel wall and circulating leukocytes can modify low density lipoprotein (LDL) for its subsequent uptake and degradation by tissue macrophages, contributing to the formation of "foam cells" in the precursor lesions of atherosclerosis. Endothelial cells (EC), smooth muscle cells, and monocytes from several species have all been reported to alter LDL for ingestion by a non-LDL receptor-mediated mechanism. In some instances, this is thought to occur via the "scavenger receptor" that recognizes acetylated and maleylated LDL (1) (2) (3) (4) (5) (6) (7) .
The mechanisms postulated to underlie the cell-mediated modification of LDL include oxidation, lipolysis, and proteolysis (3) (4) (5) (6) (7) . In no instance has this alteration been clearly defined in molecular terms. For this reason, we undertook a detailed study of the role of a major oxidizing secretory product of phagocytic cells, H202. H202 is a relatively long lived, uncharged product of the reduction of molecular oxygen that can pass across biological membranes (8, 9) and oxidize substrates at both intracellular and extracellular sites. In this paper we have examined the susceptibility of LDL to oxidation by known concentrations of chemical oxidants, by EC, and by the diverse group of reactive oxygen intermediates produced by monocytes. In addition, we have investigated the ability of monocytes and macrophages to respond to modified LDLs by releasing H202. The results suggest that LDL is relatively resistant to the generation of thiobarbituric acid (TBA) reactive moieties by the concentrations of reactive oxygen intermediates secreted by a widely-studied rabbit aortic EC line or by human monocytes, and that modification of LDL can proceed in the absence of its detectable oxidation.
MATERIALS AND METHODS
LDL. LDL was prepared as indicated from human plasma anti-coagulated with either EDTA (5 mM, final concentration) or CDP (1.61 g of dextrose/1.66 g of sodium citrate dihydrate/0.19 g of anhydrous citric acid/0.14 g of disodium phosphate/63 ml of water for 450 ml of blood). Isolation of LDL was as in ref. 10 with modifications as follows: 100 ml of freshly drawn blood from healthy adult volunteers was centrifuged at 850 x g for 15 min at 25°C. The separated plasma was centrifuged again at 1300 x g for 15 min at 4°C to remove platelets. LDL was harvested; its density was increased to 1.1 g/ml using KBr; and then it was centrifuged in Ca2+/Mg2+-free Dulbecco's phosphate-buffered saline (DPBS; GIBCO), density = 1.100 (adjusted with KBr), for 18 hr in a Ti7O rotor at 40,000 rpm at 4°C. This diminished the albumin contamination present after the vertical rotor step. The resulting LDLs were called EDTA/LDL (LDL isolated from human plasma anticoagulated with EDTA) and CDP/LDL (LDL isolated from human plasma anticoagulated with citrate).
EDTA/LDL was dialyzed against DPBS that contained 0.01% (0.26 mM) EDTA (3). CDP/LDL was dialyzed against DPBS alone, which was continuously sparged with N2 to prevent oxidation. Dialysis was at 4°C in 50-100 times the sample volume, for each ofthree changes ofbuffer over 12 hr. Dialysis tubing was of 12,000-14,000 Mr cutoff (Spectrapor 2, Spectrum Medical Industries, Los Angeles). LDLs were stored in acid-washed glass tubes under N2. EDTA/LDL was prepared freshly every two weeks, and CDP/LDL was prepared every week. All LDLs were examined for purity by 3-10% NaDodSO4/polyacrylamide gradient gel electrophoresis (adapted from ref. 11) before use. Acrylamide and NaDodSO4 were from Bethesda Research Laboratories. EDTA/LDL was iodinated (carrier-free Na 25I, New England Nuclear) by the method of Bilheimer et al. (12) to a specific activity of 400-500 cpm/ng.
TBA Assay of Lipid Peroxidation. Samples (100-300 ,ul) containing 25-30 ,ug of LDL protein were tested as described (13) . Each sample was treated with 1.5 ml of 20%o (wt/vol) trichloroacetic acid followed by 1. (19) .
Mouse Peritoneal Macrophage Degradation of 1251-Labeled LDL. The method used has been described (1).
RESULTS
Characterization of H202-Oxidized LDL. Although many studies of oxidation of LDL by cells have relied on the TBA assay, which measures malondialdehyde-equivalent moieties of oxidized lipid, the quantities of defined oxidants required to generate a given level of reactivity of LDL in the TBA assay have, to our knowledge, not been reported. Accordingly, we tested the effects of various concentrations of H202 and the products of its metal-catalyzed redox reactions, using the same serum-free culture medium employed by others for cell-dependent modification of LDL. Fig. 1 The agarose gel (Fig. 1A) shows the increased negative charge of the LDL reflected by its increased migration after oxidation by increasing concentrations of H202. The plot of Rf values versus the logarithm of H202 concentrations was linear above 1 mM. At 0.3 M H202, the highest concentration tested, the Rf value was 0.48. By extrapolation, 3 M H202 would be required to generate the Rf value of 0.51 seen for acetoacetylated LDL.
Similarly, the NaDodSO4 gel (Fig. 1C) shows the 420-kDa band of the apolipoprotein B of LDL gradually diminished in lanes 4-8 with increasing concentrations of H202. Above 1 mM H202, the protein was extensively degraded to lower Mr peptides.
Cell-derived reactive oxygen intermediates other than H202 may be involved in oxidizing LDL. Consequently, we next tested the sensitivity of LDL to oxidation by H202 in combination with cuprous or ferrous ions (Fenton's reagent, a source of 0-and OH-; ref. 20) , and with lactoperoxidase and NaI (to generate hypohalous ions; Table 1 ). At 0.3 mM H202, TBA reactivity was 1.33-fold above control when lactoperoxidase/Nal was added, and 2.33-fold above control in the presence of Cu2+. Addition of superoxide dismutase to the LDL incubations containing Cu2' and H202 abolished the enhancement in TBA reactivity, suggesting that the effect of Cu2+ may be due to generation of O2 or a product of O-and H202, such as OH-. Both Cu2+ and lactoperoxidase/NaI slightly increased the effect of 3 mM H202.
Coincubation of LDLs with EC Monolayers. We next examined the effect of the coculture of LDL with EC (EC/LDL), reproducing closely the conditions employed by Steinbrecher et al. (3) . As shown earlier for H202-oxidized LDL, we noted significant differences between EDTA/LDL and CDP/LDL (Fig. 2 A and B) . EC appeared to retard the formation of TBA reactivity for EDTA/LDL, since EDTA/ LDL incubated in the cell-free flasks had twice the TBA value as that incubated in the presence of cells. This differ- 5 Determination of EC H202 and 0°Release. To evaluate the oxidizing potential of these EC, we tested their ability to release H202 and 0,-. Table 2 shows an apparent oxidation of a very small amount of indicator, about halfofwhich is shown to be H202 independent by the minus horseradish peroxidase and plus catalase controls. The addition of superoxide dismutase did not result in any increase in the very small amount of H202 detected, suggesting that these EC released extremely little°2-Monocyte Oxidation of LDL. As confirmed above, EC are not reported to secrete abundant reactive oxygen intermediates (21) . In contrast, human monocytes are potent sources of 02, H202, OH-, and a myeloperoxidase halogenation system (17, 22) . Thus, even though monocytes do not secrete enough H202 to attain the concentrations producing TBA reactivity in Fig. 1 , their production of additional, more potent oxidants might make them effective producers of TBA reactivity in LDL. Accordingly, freshly isolated human mononuclear leukocytes were plated at 8 x 106 cells per 16-mm well, rinsed after 2 hr of incubation to remove nonadherent cells, and CDP/LDL (100 ,ug/ml) was added, using the same medium as in the EC experiments, in the presence and absence of phorbol myristate acetate (100 ng/ml) (PMA) to trigger the respiratory burst. In assays lasting up to 17 hr, the TBA assay did not reveal any cell-dependent oxidation of LDL (Fig. 3A) . Increasing the number of cells did not increase the cell-independent TBA reactivity seen after 3 hr (Fig. 3B) .
Monocyte/Macrophage H202 Release with LDLs as Triggers. A final query concerned the ability of native and modified LDLs to trigger the release of H202, 02-, OH-, and hypohalous ions by monocytes and macrophages (Table 3) . Monocytes, cultured macrophages, and macrophages treated with human recombinant y interferon were exposed to the various lipoproteins, and their respiratory burst response was compared with that elicited by PMA, using H202 as a marker. No appreciable production of H202 occurred with native or (Fig. 1) We cannot explain the marked differences in generation of TBA reactivity among apparently similar studies (3, 4, 6, 26) , but suspect that an ancillary factor may be involved, such as phospholipase or proteases contaminating some preparations of LDL. Degradation of apolipoprotein B accompanying autooxidation of LDL has been observed by Schuh et al. (25) . The presence of multiple low Mr bands on NaDodSO4 gels of EC/LDL samples but not LDL incubated without EC suggests that proteolysis may be occurring during EC coincubation (data not shown).
Although neither the EC nor monocytes efficiently oxidized LDL in a fluid environment, oxidation may take place in the vascular wall. The presence ofboth matrix-bound LDL and large numbers of monocytes in the confines of a subendothelial fatty streak (from which serum, a suppressant of cell-dependent modification of LDL, is excluded) would allow more intimate interactions of the substrate and effector cells. Additional enhancement might occur if T-cell derived yinterferon were also present (27) . LDL isolated from human aortas and rabbit interstitial fluid has altered lipid composition and increased electrophoretic mobility, similar to in vitro modified LDL (28, 29) . Further, we could not demonstrate triggering of H202 release from human monocytes or macrophages by a variety of modified LDLs. We used both monocytes and mature macrophages, which have the "scavenger receptor" that has been predicted to regulate secretory function (30) .
Thus, the present studies lend no support to the notion that oxidation of LDL lipid to malondialdehyde-like moieties reactive with TBA is a prominent reaction caused by EC or monocytes, or that modified LDLs in turn trigger reactive oxygen intermediates release from inflammatory cells. The molecular basis of modification of LDL by EC that leads to its enhanced uptake by macrophages remains to be defined.
